, Andrew Read 1 , James Nifong 4 and Rick Stepp 5 Humans have decimated populations of large-bodied consumers and their functions in most of the world's ecosystems. It is less clear how human activities have affected the diversity of habitats these consumers occupy. Rebounding populations of some predators after conservation provides an opportunity to begin to investigate this question. Recent research shows that following longterm protection, sea otters along the northeast Pacifi c coast have expanded into estuarine marshes and seagrasses, and alligators on the southeast US coast have expanded into saltwater ecosystems, habitats presently thought beyond their niche space. There is also evidence that seals have expanded into subtropical climates, mountain lions into grasslands, orangutans into disturbed forests and wolves into coastal marine ecosystems. Historical records, surveys of protected areas and patterns of animals moving into habitats that were former hunting hotspots indicate that -rather than occupying them for the fi rst time -many of these animals are in fact recolonizing ecosystems. Recognizing that many large consumers naturally live and thrive across a greater diversity of ecosystems has implications for setting historical baselines for predator diversity within specifi c habitats, enhancing the resilience of newly colonized ecosystems and for plans to recover endangered species, as a greater range of habitats is available for large consumers as refugia from climate-induced threats.
Large-bodied consumers are in peril in almost every ecosystem on Earth [1] . The loss of these consumers, especially top predators, has resulted in the simplifi cation and shortening of many food webs and cascading effects on ecosystem structure and function [1] . Although many populations of large consumers remain low, protection and reintroduction efforts have resulted in local increases of certain species; for instance, after protection, the abundance of sea otters in California increased from about 50 to more than 2,900 individuals [2] . Likewise, populations of American alligators have increased throughout their range in the southeastern United States. In Florida, alligators have made a remarkable recovery and are now one of the most abundant top predators, with more than one million individuals occupying the state [3] . Other examples include harbor and gray seals as well as gray wolves and cougars in some areas of North America (Supplemental Information). In some cases, local recoveries have led to drastic changes in ecosystem structure and function. For instance, following re-colonization by sea otters, the extent of northeastern Pacifi c kelp beds increased [4] . Similarly, increased densities of wolves facilitated reestablishment of woody plants by suppressing grazing pressure from browsers [5] , and local increases in leopard populations in some parts of Western Africa led to shifts in baboon grazing from primarily on grasses and cultivated plants in agricultural fi elds to leaves and fruits in tree canopies [6, 7] .
In the above cases, recovery of large consumers initially occurred in habitats that are most commonly associated with the consumer and for which historical records indicate they were once common. However, in some examples, large consumers have also expanded their ranges and colonized ecosystems previously assumed to be outside their niche breadth (Supplemental Information). Although these cases might represent expansions of habitat nichebreadth, an alternative explanation is that some large consumers are re-occupying ecosystems they once inhabited, before ecologists began to study them. To begin to evaluate Current Biology 28, R527-R548, May 7, 2018 R533 these alternative hypotheses, we focus on sea otters and alligators as model systems to assess whether alligators and sea otters commonly occur in 'novel' habitats and whether their expansions are more likely to be a new colonization event or a reoccupation of formerly occupied ecosystems. We then discuss the potential generality of habitat nichebreadth expansion and ecosystem reoccupation after population recovery in other large consumers.
Large consumers appearing where they are not supposed to Published survey data from Alaska and California [8, 9] suggest that protected inland estuaries can serve as a primary habitat for sea otters. In Alaska, over the last few decades there has been a sharp, predatordriven decline in the sea otter population on the southwest outer coast [8] , including the outer coast of Adak Island (Figure 1) . However, the population in Clam Lagoon, which is geologically protected from killer whales [8] , has remained stable over the last three decades. In central California, the recovery of sea otters was initially limited to the outer coast, but after 1990 sea otters colonized Elkhorn Slough (Figure 1 ), which is characterized by expansive salt marshes and seagrass beds. The rate of growth along the outer coast has stagnated over the last decade, potentially due to an uptick in mortality from great white shark attacks [9] or resource limitation and dispersal, but the number of otters in Elkhorn Slough has continued to grow ( Figure 1 ) [10] . These fi ndings suggest that sea otters occupy much broader habitats than most ecologists currently think, including seagrasses and salt marshes along with kelp beds. Protection from predators, such as killer whales or white sharks, and ample food supply, such as crabs or clams, are likely to be important causes for the expansion of sea otters into shallow-water protected areas along the west coast [10, 11] .
Similar to sea otters, population assessments of alligators in coastal areas show that these large consumers also occur in habitats long thought by ecologists to be beyond their niche breadth. Analysis of survey data [12, 13] in full-strength seawater along the northeastern coastline of Cape Canaveral, Florida revealed that alligators occurred at high densities in seagrasses and mangroves, but only inside the large protected area surrounding Kennedy Space Center ( Figure 2A) . In Florida Keys, data from surveys of fi shermen with at least 10 years of experience in the area [12, 13] indicate that alligators occur in mangrove creeks and saltwater canals, but only within the U.S. National Park and nearby protected areas on Big Pine Key ( Figure 2B ). Fishers never encountered alligators in mangroves surrounding high human populations in unprotected mangrove creeks on Key West ( Figure 2B ). Likewise, in North Carolina in the 1980s [14] , alligators were found to commonly occur along the seaward edges of salt marshes and were three times as abundant in protected as in nonprotected estuaries ( Figure 2C ). More recent empirical work has revealed that alligators utilizing marine waters spend around a week in full strength seawater and that up to 90% of their diet by weight is derived from marine organisms [15] . These observations show that alligators are abundant and feed in protected marine ecosystems, thus overturning the current paradigm that alligators are obligate freshwater inhabitants that can only handle brief exposures to salt water [16] . The absence of alligators in nearby, nonprotected marine habitats suggests that protection from humans may encourage growth and persistence of alligator populations in marine ecosystems over time -a conclusion supported by the fact that alligators are regularly hunted and avoid human activities [3] .
Expansion of large-bodied consumers into habitats after population recovery is not unique to sea otters and alligators but has been observed for at least 21 other large consumers, spanning diverse taxonomic groups (mammals, reptiles, and birds), biomes, and climates (Supplemental Information). For instance, river otters are now commonly found in many marine wetlands, orangutans are found in disturbed forests, coyotes, bobcats, jackals, wolves and hyenas are foraging on beaches and rocky shores, pumas are moving into grasslands, and killer whales have In addition, some species of large consumers are now becoming more common in climatic zones thought to be out of their physiological tolerance (Supplemental Information). Harbor, harp and grey seals, for example, are moving into subtropical areas.
Expansion into novel habitats or recolonization?
A general pattern seems to emerge of large consumers expanding into ecosystems not considered their typical habitats by ecologists and natural historians after their populations recover signifi cantly.
One explanation for this expansion is that large consumers are actually recolonizing habitats that they lived in before human-driven exclusion. Alternatively, other processes could explain large consumer occurrence in non-typical habitats, such as aberrant sightings of animals that have lost their way, climate change suppressing physical stress that once excluded these large consumers from these ecosystems, or competitive release allowing large consumers to expand into non-typical habitats in which native competitors were largely eliminated by humans in the past. For alligators and sea otters, these three alternative forces are likely not strong drivers of expansion into nontypical habitats: fi rst, alligators and sea otters are abundant in these novel ecosystems and thus not aberrant small groups (Figures 1, 2 and 4 ; Supplemental Information); second, both species are colonizing novel ecosystems that are within their thermal tolerances [17] and thus climate change is likely not the primary driving force; third, although the predator assemblages in these coastal ecosystems are undoubtedly less diverse and abundant because of human hunting, it is very unlikely that other predators would have completely excluded sea otters and alligators from these marine habitats, given that both sea otters and alligators presently co-exist with other large predators in kelp and freshwater habitats, respectively.
Instead, we argue that it is most likely that sea otters and alligators are recolonizing formerly inhabited ecosystems in which their populations once thrived, but were more recently extirpated by human hunting [18] . This conclusion is supported from recent data showing sea otters and alligators increase in number and expand into coastal marshes when protected from humans (Figures 1 and 2 ). Further evidence comes from historical records that document their past presence in coastal marine wetlands and from archaeological studies that have found their bones in the middens of humans who lived in these ecosystems thousands of years ago (Supplemental Information). Indeed, some of the alligators consumed by prehistoric humans along the Texas Gulf Coast have lived in salt water [19] .
For other large-consumer species on our list (Supplemental Information), initial evidence suggests that many of them could also be recolonizing habitats they once occupied before being overhunted. However, this is a hypothesis and thus each potential alternative mechanism should be examined thoroughly and quantitatively for each animal. For the three alternatives listed above, this would include comparing thermal tolerance and the changing physical conditions of the non-typical habitat, densities in non-typical and Current Biology 28, R527-R548, May 7, 2018 R535 typical habitats as well as potential for interactions with existing or previously existing predators in the non-typical habitat. In our preliminary examination of these three potential mechanisms, we found little support for the aberrant sighting mechanism, as the density of nine of these large-consumer species was similar or higher in non-typical habitats compared to typical habitats ( Figure 4 ; Supplemental Information). Climate change has been shown to affect the ranges of hundreds of animal species [20] . However, in our literature survey researchers most often observed large consumers expanding into more rather than less stressful climates based on physioecologists' pre-conceived notions of these organisms' physiological constraints -sea otters expand into warmer and fresher waters, river otters and alligators into saltier waters, and seals into the subtropics (Supplemental Information). Release from competition and predation from other large consumers that are still missing from the food web of these 'novel' ecosystems could be at play in many of these examples. However, competition and predation are likely not to have been strong enough forces to have completely excluded these large consumers from occurring in these novel ecosystems in the past. More likely, the presence of a diverse predator assemblage would have lowered their densities -a pattern that has been observed in assemblages of large African cats, such as lions suppressing, but not completely excluding, cheetahs and leopards [21] . Taken together, the evidence above points to the hypothesis that many of these large consumers could be recolonizing ecosystems and climatic zones they formerly occupied before intense human hunting. This idea challenges storied paradigms in ecology about habitatbreadth specifi city and preference in large consumers -river otters and alligators are freshwater specialists, sea otters are obligately linked to kelp forests, and marine mammals prefer polar rather than subtropical regions. Nevertheless, it is not surprising from a physiological perspective, as large consumers are often highly mobile and behaviorally adaptive to new prey and new ecosystems [22] . It is also not surprising from an ecological perspective, as the hypothesis is consistent with theory that predicts that larger species have larger ranges [23] and with the pattern of broad, habitat niches displayed by many abundant and wide-ranging large consumers, such as black bears, bottlenose dolphins, and coyotes [23, 24] . Finally, this hypothesis also gains support from palaeoecological studies using fossils, ancient genomes or isotopes that have shown that many large consumers' habitats (e.g., Saiga antelope) were much more diverse than what they currently occupy [25, 26] and that human hunting likely led to drastic declines in their populations and subsequent range contractions [25, 26] .
It is already known that widespread introduction of exotic consumers has resulted in signifi cant intermingling of otherwise non-overlapping consumers and the emergence of new ecological communities. More recently, climate change was found to be similarly re-organizing ecological systems by generating differential rates of consumer movement and range expansion [27] .
Our comparison of recent research shows large consumer expansion into or recolonization of 'novel' habitats following successful conservation is another mechanism by which biodiversity in ecosystems has been reshuffl ing. Combined, these forces are likely to interact and lead to the formation of non-analogue ecological communities, with subsequent changes in ecosystem function and potentially human health [27] . This reshuffl ing of consumers in global ecosystems poses challenges for ecologists to predict future states of ecosystems, even in well-studied systems, but also provides natural experiments to track colonization of newcomers into ecosystems and study how they may drive changes in ecosystems.
Resetting predator diversity baselines in ecosystems transforms conservation Our broad comparison of diverse large-bodied consumers should highlight to ecologists and conservation biologists that our baseline understanding of the habitat niche-breadth of large consumers is likely to be limited in many cases and that the species richness of large consumers in many ecosystems may be greater than we imagined or predicted. For example, for salt marshes we need to insert alligators, sea otters, coyotes, bobcats and river otters (and likely bears) into the higher trophic levels in the food webs.
For subtropical seas, we should start discussing the idea of including harbor seals, killer whales, grey seals, and great white sharks as predators in the food webs. More broadly, these results highlight that recovery (although still very limited) of large consumers could become more common and that conservation practitioners should begin to prepare for expansion of large consumers into non-typical ecosystems. This preparation will need to include alternative management plans that incorporate this new baseline understanding of species richness of large consumers. This also has important policy implications. As many of these consumers (and their habitats) are protected and managed by legislation, the habitats they are now re-colonizing (e.g., salt marshes) will also need to be considered as critical habitat in recovery plans. Indeed, as is the case with sea otters and alligators, these 'novel' ecosystems can potentially support much higher populations than current habitats listed as critical. The fact that many large consumers can occupy many more ecosystem types, both natural and human-dominated, than ecologists have given them credit for, might allow for a greater diversity of habitats to act as climate refugia. This also means that the positive effects that predators can have on ecosystem functioning and resilience to environmental change are potentially available for a greater variety of natural communities.
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